The killing rate induced by ampicillin was determined in 20 strains of Escherichia coli. The apparent generation rate constant for each E. coli showed a characteristic concentration-dependent course. This course can be mathematically described and is determined by four parameters. Three of these parameters determine the speed of the process, and the fourth parameter determines a minimal concentration. The susceptibility of the strains, measured as the minimal inhibitory concentration by an agar dilution method, correlated with the minimal concentration and with a minimal inhibitory concentration calculated from the curve, but not with the rate-determining parameters.
The in vitro susceptibility of bacteria to antimicrobial agents is usually estimated by measuring the minimal inhibitory concentration (MIC), the minimal bactericidal concentration or both. Both methods give information about the effect of the antibiotic after a specified time interval. These parameters do not account for the kinetic processes that take place when bacteria are exposed to an antibiotic. This paper describes in mathematical terms the kinetics of the processes involved in the killing of bacteria by a P-lactam antibiotic.
From the data of the killing curves of Escherichia coli bacteria in contact with ampicillin, a mathematical description of the change in killing rate with the antibiotic concentration was developed. In addition, the parameters from the derived formula have been compared with the traditional susceptibility parameter (MIC) Determination of the killing rate. Proceeding from an overnight culture of an E. coli strain grown in nutrient broth, the optical density at 700 nm of the suspension was adjusted to 0.1, using nutrient broth. Next, the suspension was diluted 3 x 103 times with nutrient broth and preincubated at 37°C for 2 h. The culture was then divided into several subcultures, and ampicillin was added to all except the controls. Table 1 (Fig. 1A) . A latent period is followed by an adaptation period in which growth responds to the antibiotic. The duration of this period varies per strain and per ampicillin concentration. The maximum duration observed was 1 h. The adaptation period is followed by a period in which the number of bacterial cells shows a logarithmic course in time. Depending on the ampicillin concentration, the bacteria grow or die during this period. Further incubation leads to a deflection of the curves, whereupon growth resumes.
By determining the apparent generation rate constant (ka) of the killing curves during the period of logarithmic growth or death, the behavior of the bacteria at a given ampicillin concentration can be quantified.
A characteristic pattern is obtained when ka is plotted against the ampicillin concentration per strain. For practical reasons (i.e., to avoid negative values) we plotted, instead of ka, the value of the difference between the generation rate constant at uninhibited growth (ko) and ka. This gave rise to an accumulation of points in which a pattern was discernible that can be described mathematically with the use of equation 1: ko-ka = (ko-kja)m {1 -exp -a (C-CO)} for C (Fig. 1B) 6 , shows the calculated minimal inhibitory concentration (cMIC). This concentration was calculated from the curve for point ka = 0, and can be regarded as the MIC resulting from this test system. After all, the MIC is the minimal concentration at which growth is inhibited, which is to say ka = 0. Fig. 2, 3, and 4 . No relations were found between the parameters ko ka max, a, and Co.
DISCUSSION
The P-lactam antibiotics, which include ampicilin, are bactericidal agents. This means that, by definition, these antibiotics kill the bacteria at a concentration which equals or exceeds the MIC. As this study confirms, this does not mean that they can produce only a bactericidal effect. At concentrations below the MIC, bacteriostatic effects are often observed (6) . The influence of an antibiotic on the bacteria is expressed in a change in the structure and morphology of the cells (4) , in inhibition of bacterial growth (1), and in bacterial death. For adequate insight into the action of an antibiotic, it is important to know not only to which extent the above effects occur but also at which speed they become manifest. Rolinson et al. have demonstrated that the rate of bacteriolysis at concentrations above the MIC is determined largely by the antibiotic concentration to which the bacteria are exposed (7).
For practical reasons, bacterial growth or death in response to antibiotics is studied in liquid media. This procedure is complicated by the fact that, at relatively low concentrations, the inhibitory or killing process is relatively soon overshadowed by the growth of adapted or selected resistant bacteria. This phenomenon is not observed on solid media on which a resistant mutant expresses itself as a single colony.
The killing curves determined in this study clearly demonstrate that strains of a single bacterial species can give rise to curves which differ in configuration. The drug-induced adaptation period shows marked differences between various strains and, within the strain, between different concentrations. This period probably reflects, on the one hand, the process of ampicillin distribution over the bacteria and, on the other hand, the time which the antibiotic requires to exert its influence on the bacterium. The adaptation period is followed by a period characterized by a semilogarithmic relation between the number of CFU per milliliter and time. Mattie described a model which can be used to describe the killing curves for P-lactam antibiotics from the moment of their addition to the medium until the moment at which overgrowth becomes manifest (5) . For this purpose, Mattie makes use of the following equation: ln n, + ln no + ko t -V/2at2, where n, is the number of CFU per milliliter at time t; no is the number of CFU per milliliter at time zero, ko is the growth constant; and a is the inhibition constant. With this function, the course of the curves is approximated by a parabole. The killing curves obtained in our study, however, could not be approximated with this function. The observations deviated too much from the proposed curve.
However, by disregarding part of the information obtained, and focusing solely on the phase in which logarithmic growth or death was observed, it was possible to construct the growth or killing curve for each concentration with the aid of one parameter: the apparent generation rate constant ka. Between this parameter and the ampicillin concentration, a relation proved to exist that could be described by equation 1.
Garret and Won (3), who studied the influence of penicillin G on E. coli, and Elkhouly and Fuhrer (2), who studied the influence of ampicillin on E. coli, used relatively low concentrations of these drugs. Consequently, they failed to observe the saturation effect. Both groups, however, did find a specific minimal concentration, below which no effect occurred and a linear relation between ko-ka and concentration above the value C = CO was evident. At first, there seems to be a discrepancy between their findings and those obtained in our study. However, when the proposed exponential function in equation 1 is replaced by the first term of the Taylor serial system (i.e., exp. -a (C-Co) --1 -a (C-CO), the following equation emerges: ka = kO -(kO-ka)max {1 -1 + a (C-Co)} = ko -(ko-ka)max a (C-CO) = ko -constant x (C-Co).
This equation is identical with the relation proposed by Garrett and Won. With the proposed function the growth-death pattern could be determined by its parameters ,o, ka ma, a, and CO. It was found by further analysis that no relations existed between the rate determining parameters ko, ka max, and a of the tested E. coli strains. A high value of the maximal apparent generation rate constant (ka max) could be found with strains that either VOL. 22, 1982 showed high or low values of a. The question of whether there existed a relation between these parameters and the susceptibility parameter MIC was also studied. Again no relation could be demonstrated between the MIC and the rate determining parameters kO, ka max, and a. These findings warrant the conclusion that the rate of interaction between the bacteria and the antibiotic is not expressed in the MIC. Relations did, however, prove to exist between the minimal concentrations MIC, Co, and cMIC. The differences between MIC and cMIC can perhaps be explained by the use of different media in the two test systems. Sherris et al. (8) demonstrated that results obtained by the agar dilution method can differ from those produced by the broth dilution method.
Because in this study we were concerned only with the interaction between E. coli and ampicillin, further studies are necessary to show whether this formula can also be applied to other combinations of bacteria and antibiotics.
